The methodology is given for the evaluation of activation energy of diffusion and self-diffusion based on the application of spatial-energy parameter (Р-parameter). The corresponding calculations are made for 57 structures. The calculation results are in accordance with the experimental data.
Introduction
Activation energy is one of the basic characteristics of diffusion processes. A lot of works are dedicated to theoretical calculations and experimental evaluations of this value. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] However the comparison of reference data reveals rather contradictory results on many systems. For instance, a significant discrepancy between theoretical and experimental data of activation energy was obtained even for such well-investigated process as silicon self-diffusion (3.2 eV and 4.76 eV, respectively). [3] [4] [5] It is customary to distinguish between several types of main diffusion mechanisms in crystals viz., diffusion by internodes, vacancy mechanism, replacement mechanism, etc. The diffusion activation energy equals the value of the potential barrier that has to be overcome by the atom to take a new balanced position in the neighboring node or internode.
Theoretical calculations of activation energy are very difficult. Therefore different authors tried to correlate it with some other values that can be calculated or defined theoretically. Thus according to Frenkel 11 during selfdiffusion process the activation energy should be close to the value of crystal evaporation heat. However, as a rule, lower values are experimentally observed. Braune 5 tried to correlate the activation energy with melting temperature of crystals. However the correlation proposed by him is useful only for rough estimation of activation energy since the criterion for selecting the empirical constant of initial equation is missing.
A well-known Arrhenius equation is widely used for energy estimation of diffusion processes.
where  =coefficient of diffusion,  0= pre-exponential factor, Еа = activation energy of diffusion, R = gas constant and Т = thermodynamic temperature.
The dependence of initial parameters upon the temperature and pressure, the presence of pre-exponential factor in the equation rather complicate the issue of rational objectivity of data being obtained, in particular, when comparing diffusion mechanisms near the surface and inside the crystal.
In this research there is an attempt to numerically calculate the activation energy of diffusion based on initial spatial-energy characteristics of free atoms (methodology of P-parameter).
Spatial-energy parameter
The comparison between multiple regularities of physical and chemical processes allows assuming that in many cases the principle of adding inverse values of volume energies or kinetic parameters of interacting structures is fulfilled. Some examples are ambipolar diffusion, total rate of topochemical reaction, change in the light velocity when moving from vacuum to the given medium, resulting constant of chemical reaction rate (initial productintermediary activated complex -final product).
Lagrangian equation for relative motion of isolated system of two interacting points with masses m1 and m2 in coordinate х with acceleration α can look as follows:
where ∆U1 and ∆U2 are the potential energies of material points on elementary portion of interactions and ∆U is the resulting (mutual) potential energy of these interactions.
The atom system is formed of differently charged masses of nucleus and electrons. In this system the energy characteristics of sub-systems are orbital energy of electrons and effective energy of nucleus taking into consideration the screening effects. At the same time the bond energy of electrons or ionization energy of atom (Ei) can be used as orbital energy. Therefore, assuming that the resulting interaction energy in the system orbital-nucleus (responsible for inter-atom interactions) can be calculated following the principle of adding inverse values of some initial energy components, the introduction of P-parameter 12 as an averaged energy characteristics of valence orbitals based on the following equations can be substantiated.
where Еi is the atom ionization energy, 13 ri is the orbital radius of i-orbital, 14 and Z* and n* are effective charge of nucleus and effective main quantum number, respectively.
15,16
Р0 will be called a spatial-energy parameter and РE an effective Р-parameter. Effective PE parameter has a physical sense of some averaged energy of valence electrons in an atom and is measured in energy units, e.g. in electron-volts (eV).
According to the calculations 12 the values of РE parameters are numerically equal (in the range of  2 %) to the total energy of valence electrons (U) by atom statistic model. Using the known relation between the electron density () and intra-atomic potential by atom statistic model, it is possible to obtain the direct dependence of РE parameter on the electron density at the distance ri from nucleus by Eqn. (8).
where A is a constant.
The reliability of this equation was confirmed experimentally by determining the electron density using wave functions by Clementi and comparing it with the value of electron density calculated via the value of РE-parameter.
Modifying the rules of adding inverse values of energy magnitudes of subsystems as applied to complex structures, the equation (Eqn. 9) for calculating РS-parameter of complex structure can be obtained
where N1 and N2 are a number of homogeneous atoms in the subsystem.
The same electron density should be fixed during the formation of solution and other structural interactions in the spots of contact between atoms-components. This process is followed by the redistribution of electron density between valence zones of both particles and transition of part of electrons from one external sphere to adjoining ones. Apparently, the frame electrons of atoms do not participate in such an exchange.
Obviously, the proximity of electron densities in free atoms-components results in the minimization of transition processes between boundary atoms of particles, thus favouring the formation of a new structure. Therefore, the task of estimating the degree of structural interactions in many cases means a comparative estimation of electron density of valence electrons in free atoms (on averaged orbitals) participating in the process.
The less is the difference (P0/ri -P0/ri), the more energetically favourable is the formation of a new structure or solid solution.
The estimation of mutual solubility for structural interactions of isomorphic type in many (over one thousand) simple and complex systems 12 was carried out based on this technique. Isomorphism as a phenomenon is considered as applied to crystalline structures. But, apparently, analogous processes can also proceed between molecular compounds where their role and value are none the less than in purely Coulomb interactions. It seems diffusion processes, replacement in particular, can also be estimated via the methodology of P-parameter.
Calculation methodology
It is established that during self-diffusion the activation energy often equals the total of enthalpies of formation and transition of vacancies. Obviously, in any actual situation different diffusion mechanisms can act simultaneously, but the activation energy must always be defined by inter-atom interactions in structures.
Thus, the task of estimating the activation energy is to define the actual energy of paired inter-atom interaction of diffusion atom and atoms of diffusion medium, for each specific type of interactions.
Earlier the diffusion coefficients of some refractory oxides were calculated using initial spatial-energy notions 17 via total P-parameter of interacting diffusion atoms and diffusion medium.
Let us now demonstrate that with the help of P-parameter it is possible to rather reliably and easily estimate the activation energy during the transfer of atoms in solids. For this we use the tabulated values of Р0-parameters calculated via the ionization energy (Table 1) based on the Eqns. 4-7. In diffusion processes, with the prevalence of ionic structures, it is preferable to use the energy of atom ionization (Еi) as the orbital energy. Now, with the help of P-parameter, we cab determine the averaged effective energy of paired inter-atom interaction in the system М'-М''. Having summed up Р0 by valence electrons and divided the value of Р0/2ri by a number of effective valence electrons (n), we obtain some effective energy of atom falling at one valence electron (Eqn. 10). Applying the previously stated principle of adding inverse values of РE-parameters (Eqn. 9), we obtain the resulting value of effective energy of paired interaction of atoms 1 and 2 during diffusion and self-diffusion. 
where Еа = activation energy.
If during self-diffusion n1 = n2 and Q1 = Q2 = Q, then The activation energy of diffusion of various elements in germanium has been calculated (Table 3) . Here for hydrogen atom the ion radius equal to 1.36Å has been used. 
Diffusing element Germanium
In all cases either the number of valence electrons of one sublevel or number of all valence electrons of the given main number of atom was used as the number n.
For hydrogen atom n=2, this corresponds to the realization number of all its possible bonds. For elements of groups 1 and 2n equals the group number, for groups 3a during selfdiffusion n1=3, n2=1. For groups 4-а n1=4, n2=2. For Na and K n1=1 and n2=2, this reflects the possibility of generalizing valence electrons in inter-structural interactions. 
Conclusion
Since the resulting value of P-parameter of a complex structure is quite easily calculated, this method can be applied for predicting the activation energy of diffusion and self-diffusion processes not only in simple but also in complex systems, in bio-systems as well.
